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Introduction 
The nuclear force has been the subject of a 
tremendous research effort for most of this century. 
So much progress has been made that researchers 
are now examining the quark content and their ef- 
fects in both many-body and in two-body nucleon- 
nucleon ( N  N )  interactions. Paralleling this research, 
but on a different tack, are studies of the nucleon- 
antinucleon (”) interaction and studies of the nu- 
clear force involving the antinucleon. The aim of 
this paper is to continue to  combine (and add to) 
all that  we know about the nuclear force with what 
we know about cosmic-ray bombardment of a space 
vehicle. Earlier work has led the way and it is be- 
cause of this pioneering effort (ref. l) that we are 
able to  present this study of possible antinuclei in 
cosmic rays. All studies indicate that antinuclear in- 
teractions with matter are more absorptive than their 
normal nuclear counterparts (ref. 2).  If a significant 
abundance of antinuclei are found in the cosmic-ray 
spectrum, then shielding against them will be neces- 
s ~ y .  EVP!I theugh many nntiprntnnq 2nd one  antitri- 
ton have been observed in the cosmic-ray spectrum, 
it is highly speculative to  assume that heavier anti- 
nuclei exist. On the other hand, these experiments 
were performed within the protection of Earth’s at- 
mosphere on balloon flights and may not reflect the 
actual abundance in space. The theoretical under- 
standing of the nuclear force is rather advanced if we 
think in terms of nucleons and pions. By treating 
the N N  and N N  systems as complementary, as we 
do in this work, one sees the possibility for the ex- 
istence of heavier antinuclei. Indeed, we can make 
predictions. To practice niore precision, one would 
also like to  include quarks in our theory of comple- 
mentarity; however, this is beyond the scope of the 
present work. Our motivation for the present work 
is based on the degree of clarity and success that 
the meson exchange framework provides for the N N  
interaction. 
This paper is divided into five main sections. The 
first section contains a brief discussion on the meson 
exchange framework of the N N  interaction. The sec- 
ond contains a brief discussion on the existing meson 
exchange description of the N N  interaction. In the 
third section, we discuss the nucleus-nucleus inter- 
action sometimes referred to  as heavy ion scattering. 
The fourth section contains discussion of the little un- 
derstood antinucleus-nucleus interaction. It is also in 
this section that we present new cross-section results 
and interpret them in terms of lengthy space mis- 
sions. In the next section we briefly touch upon ra- 
diation damage to  living tissue inflicted by a nucleus 
or antiniicleiis. The  reader who is not interested in 
the details of the background information and theo- 
retical justifications found in the next three sections 
is encouraged to  go directly to the section entitled 
“The Antinucleus-Nucleus Interaction.” Within the 
conclusion, we strongly urge that cosmic-ray experi- 
ments be undertaken to  search for antinuclei of all 2 
and that these experiments be conducted as far away 
from the Earth’s protective atmosphere and magne- 
tosphere as possible. We also suggest that production 
rates for antideuterons and antitritons be determined 
in laboratory accelerator experiments. 
The N N  Interaction 
In this section we provide an overview of the the- 
oretical situation of the N N  interaction. We also, of 
course, consider experimental findings. This section 
and the next two sections serve as background ma- 
terial for our arguments on the antinucleus-nucleus 
model presented in this paper. 
In the meson theory of the nuclear force, the pion 
is said to  be the mediator and one thinks of a bare nu- 
cleon surrounded by a cloud of pions. A dynamical 
mn&! nf t w ~ !  niirlmms in te rar t ing  with each other 
via their meson clouds has, thus, been developed. 
The scenario is straightforward. At large distances 
the two nucleons interact by the exchange of a single 
pion-the one-pion exchange process. This is illus- 
trated in figure l(a). As the spatial separation be- 
tween nucleons decreases, they exchange more pions. 
This thinking leads to  two-pion exchanges, three-pion 
exchanges, etc., as illustrated in figures l (b)  and l(c).  
The reader must beware that vertex contributions 
such as is shown in figure 2 are, in general, not ex- 
plicitly calculated but rather included in the inter- 
pretatiori of the nucleon structure function. We will 
return to  this point later. 
Within this scenario, a connection between the 
number of meson exchanges and the nucleons’ sepa- 
ration distance emerges naturally. Furthermore, by 
considering the diagrams of figures 1 and 2 as Feyn- 
man diagrams, one can cast this scenario into a po- 
tential model framework (ref. 3 ) .  
This is a common sense picture, in principle. 
However, there are some serious difficulties to  deal 
with in practice. For example, when one constructs 
a total N N  potential from the sum of meson ex- 
changes, the series does not converge as the relative 
separation T goes to  zero because the n N N  coupling 
constant is determined to  be about 14. Another dif- 
ficulty which arises is in the calculation of exchanges 
other than one pion; they are technically difficult 
and particularly challenging when the exchanged pi- 
ons interact with each other while in flight (ref. 3 ) .  
These diagrams are commonly referred to  as “corre- 
lated graphs” and are shown in figure 3. 
The reader must not be misled into thinking that 
these difficulties cannot be overcome because they 
most certainly can be. The most sophisticated and 
well known is the Paris potential (ref. 4). Less so- 
phisticated one-boson exchange potentials (OBEP) 
are very tractable in obtaining solutions and uncov- 
ering the essential dynamics. In configuration space, 
a typical OBEP can be written 
with ,. 
2 = p r  f k =  - 
9 
Equation ( 1 )  is a phenomenological representation of 
the exact pion graphs of figures 1 through 3. By 
this we mean that the two-pion exchange graphs are 
represented by Vu and Vp which are the potentials 
due to  a single “fictitious a-meson” exchange and 
a single pmeson exchange, respectively. Other me- 
son exchanges such as q and 6 are often added to  
give Letter agreement with empirically determined 
N N  phase shifts. For the three-pion exchange, all 
graphs are represented by the exchange of a single 
w-meson; occasionally the exchange of an AI-meson 
is added in, for example. The number and type of 
mesons included in OBEP’s depend quite sensitively 
on the theoretical framework and the amount of free- 
dom one allows for parameter determination. In any 
case, the four mesons appearing in equation (1)  are 
universally accepted as minimum ingredients. The 
“fictitious a” is fictitious because it has the quan- 
tum numbers of the t meson ( J K c  = O++) but with 
a variable mass typically far lower than the E mass. 
Such a particle has never been observed but is re- 
sponsible for the N N  intermediate range attraction. 
This phenomenological a-particle represents the two- 
pion exchange when the two pions are in a relative 
J = 0 state. The pmeson represents the two pions 
when they are in a relative J = 1 state. Many argu- 
ments suggest that the dominant three-pion contri- 
bution comes from the three pions in a relative J = 1 
state; hence the w-meson (refs. 3 and 4). Much of the 
repulsive core is attributed to  the w-meson exchange. 
Even though our experience in fitting mr phase 
shifts, N N  phase shifts and deuteron data suggest 
certain limits on the values of OBE coupling con- 
stants and masses-one still has freedom of choice. 
Thus, the coupling constants and masses of the OBE, 
save OPEP (one-pion exchange potential), are pa- 
rameters of the theory. By employing dispersion the- 
oretical techniques, the more sophisticated Paris po- 
tential group is able to  calculate J = 0 and l two- 
pion contributions without the use of explicit a- and 
ppotentials as found in equation (1) (ref. 4). 
Form factors or structure functions must be in- 
cluded; otherwise singularities appear in V ( r )  as 
r -+ 0. The physical interpretation of this form fac- 
tor is that the nucleon is not pointlike. This has been 
well-known for years. One such analytic form for this 
structure function is 
where p is the mass of the exchanged boson, t is the 
4-momentum transfer squared, and A is an adjustable 
form factor mass. One multiplies f ( A )  times the cor- 
responding Feynman diagram and then transforms 
the entire expression into position space. Equa- 
tion (1) represents the potential without form fac- 
tors and for the purposes of discussion for the present 
work, equation (1) is all that  is needed. 
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Figure 4 illustrates the role that the four mesons 
of equation (1) play in, say, the deuteron’s channel. 
The deuteron is the only bound state of the N N  
system. 
All in all there are many demonstrations show- 
ing how very well the meson exchange theory works 
for the N N  interaction and for many-body interac- 
tions. Reference 4 is a nonrelativistic theory. For a 
relativistic N N  theory, see references 5 and 6. 
The NN Interaction 
In the previous section, a rather broad overview of 
meson exchange theory for the N N  interaction was 
given. In this section, we apply that  overview to  the 
elastic part of the N N  interaction and make com- 
parisons with the N N  interaction. We also address 
the large, yet not so well-understood, inelastic N N  
interaction. 
Once again we begin with meson exchange the- 
ory; and, in analogy with the charge conjugation 
operation which takes electron-electron scattering to  
elect,ron-position scattering, we obtain an elastic N N  
potential by G-parity transforming the N N  potential 
(ref. 7).  Put  quite simply, the G-parity transforma- 
tion changes the sign of N N  potentials which arise 
from an odd number of pions being exchanged. Thus, 
in the model of equation (l), only V, and Vu change 
overall signs: 
This means, for example, that the repulsive core 
attributed to  the w-meson in figure 4 is now deeply 
attractive as illustrated in figure 5. This gives a 
quantitative justification for the strong attraction ob- 
served between an antinucleon and a nucleon. One 
can make comparative arguments of the N N  and 
N N  systems for any isospin, spin, and angular mo- 
mentum channel (partial wave) simply by using equa- 
tions (l),  (2),  and (5). The beauty of this procedure 
lies in the determination of which component(s) of 
the potential, either N N  or N N ,  dominate the in- 
teraction for a given partial wave and at a given 
distance. This means that one can discuss coher- 
ences and supercoherences of spin-spin, spin-orbit, 
tensor, and quadratic spin-orbit forces in various par- 
tial wave channels of the N N  and N N  interactions. 
A clear description of this model-independent study 
has been put forth by Buck, Dover, and Richard 
(ref. 7) and more recently by Dover (ref. 8). 
In no way should one believe that the arguments 
presented above fully describe the N N  interaction. 
Certainly the long range and perhaps the intermedi- 
ate range can be treated as we have, but unlike the 
N N  interaction, the annihilation is very strong for 
NN even at low energies (see figs. 6 and 7) or, equiv- 
alently, for relative separations of r < 1 fm. It is this 
strong annihilation in the N N  interaction which has 
no apparent counterpart in the N N  system through 
meson exchange theory.’ It is speculated that the 
solution of interpreting the N N  and N N  systems 
as purely complementary, or at least treating them 
on the same footing, can be found in the physics of 
quarks. As stated above, these ideas about quarks 
are beyond the scope of the present work; however, 
we can state that there is much discussion within the 
physics community focused on the N N  interaction 
as six quarks and the N N  interaction as being three 
quarks and three antiquarks and/or as two quarks 
and two antiquarks (ref. 9). The number of quark- 
antiquark pairs in the NN system may be a function 
of energy. At any rate, the state of the ar t  at this 
writing is to  add an imaginary partial wave depen- 
dent potential (in nuclear physics it is more gener- 
ally known as “velocity dependence”) t o  the G-parity 
transformed N N  potential to explain the very strong 
NN absorption: 
where gc, g S s ,  gT, gL, fc, and fss are parameters and 
KO is a modified Bessel function, TL is the lab energy 
(refs. 10 and 11). Thus, the full complex potential 
used to describe the N N  system is 
V ( r )  = &,t(r) - iW(r )  (7) 
The number of adjustable parameters can obviously 
be adversely commented on; however, we have yet t o  
devise a better scheme. We will, therefore, hold back 
any further comments on the form of equation (7) 
and accept the fact, for the moment, that it produces 
very good cross-section results. 
Our motivations for discussing the N N  and N N  
interactions in a unified way is propelled by our 
notion of the symmetry of nuclear forces. As will 
be shown in the subsequent sections of this paper, 
we apply and test this notion of symmetry to  many- 
body interactions, in particular, heavy ion reaction. 
However, before pressing on to  the next section, 
we would like to  comment that no matter how one 
theoretically treats the N N  and N N  systems, the 
experimental results speak for themselves. Figures 6 
Note that because the N N  system has net baryon number 
equal to zero, there is no Pauli principle (see ref. 7). 
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and 7 illustrate the cross-section data for PP and 
P P ,  respectively. Since 
gin = n t o t  - OcI 
one observes that PP has a much larger inelastic 
channel than does P P  for the energies shown. We 
use these cross-section data and non-meson theory 
in the next two sections to obtain theoretical results. 
We have focused on meson theory in this section 
and the previous section in order to help guide our 
thinking for the many-body problem. For many 
researchers, meson theory has been very useful in the 
understanding of many-body systems since for many 
calculations of nuclear matter, for example, a two- 
body N N  potential is employed (refs. 12 and 13). 
(8) 
The Nucleus-Nucleus Interaction 
It is in this section that ion-ion scattering is ad- 
dressed. The two-body N N  interaction does not en- 
ter into our heavy ion formalism in the form of a po- 
tential but rather in the form of N N  cross-sectional 
data. The advantages of using the N N  data are that 
( 1) theoretical uncertainties of various N N  models 
are minimized and (2) we can obtain the degree of 
accuracy and predictive powers required for discus- 
sions of biological systems as is pointed out in the 
section on radiation damage. The main disadvan- 
tage in this approach is the inability to  describe spin 
dependences adequately, thereby softening our accu- 
racy and predictive powers (e.g., differential cross 
section). Yet, as we show, the accuracy which we 
obtain for nucleus-nucleus total and absorptive cross 
sections is remarkably good compared with empirical 
data. 
The theoretical development has been extensively 
reported elsewhere. In a recent NASA Reference 
Publication (ref. 1) tables of nuclear cross sections 
for galactic cosmic rays are calculated and the optical 
model employed is outlined. For the purpose of 
consolidation, we briefly describe the model here. 
The heart of the calculation is the constituent- 
averaged energy-dependent two-body N N transition 
amplitude 
where a ( e )  is the empirical N N  total cross as a func- 
tion of the center-of-mass kinetic energy e; a ( e )  is 
the ratio of elastic to inelastic empirical cross sec- 
tions; B(e)  is the experimentally determined energy- 
dependent slope parameter; and y is the relative po- 
sition vector of the N N  system. One of the end re- 
sults is the calculation of the ion-ion absorptive cross 
section which is given in the Eikonal approximation 
by 
where 
The A p  and AT are projectile and target atomic 
masses, respectively. The PT and p p  are the tar- 
get and projectile nuclear densities, respectively, and 
& is a collection of constituent relative coordinates 
for the target nucleus. Further, b is the impact pa- 
rameter, z is the position vector of the projectile 
in the beam direction, C is a correlation function 
which takes into account the Pauli principle and k is 
the projectile momentum. Once an adequate corre- 
lation function and the nuclear densities have been 
determined, one need only call upon empirical N N  
cross-sectional data to  calculate gabs. As is stated 
in reference 1, agreement with empirical nucleon- 
nucleus, deuteron-nucleus and nucleus-nucleus ab- 
sorptive cross sections is obtained to within 3 per- 
cent for energies between 80 MeV/nucleon and 
22.5 GeV/nucleon. Heavy and light nuclei in this 
energy range have been detected in the cosmic-ray 
spectrum. 
The Antinucleus-Nucleus Interaction 
We now come to the main results of this pa- 
per which have been reported, in part, elsewhere 
(ref. 14).2 The thrust of this section is to  fold 
nucleus-nucleus scattering together with antinucleus- 
nucleus scattering in a parallel way as N N  and NN 
are done. In short, we introduce a technique to for- 
mulate heavy ion physics with antinucleons and cal- 
culate cross sections. 
We are motivated by the strong absorption found 
in the N N  interaction and we want to  study effects 
of many N N  pairs annihilating in matter. We are 
also motivated by the obvious symmetry displayed in 
the two-body transition amplitude of equation (9). 
By replacing the N N  empirical cross sections and 
the slope parameter with the corresponding N N  
quantities, antinucleus-nucleus cross sections can be 
Note that refs. 1 and 14 are nonrelativistic formulations. 
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calculated, provided that an appropriate non-Pauli 
blocking correlation function is inserted. In _these 
first antinucleus-nucleus calculations we take C = 0 
and change the overall sign of the projectile antinu- 
clear charge density. Of course, antiprotons are read- 
ily produced in the lab at CERN and Brookhaven 
and are seen in the cosmic-ray spectrum (ref. 15). 
Because of the large P P  annihilation, absorptive P- 
nucleus cross sections are expected to  be larger than 
P-nucleus absorptive cross sections. Indeed, we find 
this t o  be true (see figs. 8 and 9). What about heavier 
antinuclei? Well, recently antideuterons have been 
produced in the lab at DESY (ref. 16) and a single 
antitriton event was reported in a cosmic-ray balloon 
experiment (ref. 17). The existence of these small 
antinulei are encouraging from the standpoint of our 
theoretical framework presented in this paper. How- 
ever, there are those who would say that the existence 
of large quantities of antinuclei is not possible. This 
point we prefer not to  argue with, but rather take the 
stand that until very recently all of our cosmic-ray 
data have come from balloon experiments within the 
atmosphere. Obviously, our atmosphere is a major 
protective shield against cosmic rays, iiieieors, etc., 
and cosmic antinuclei, if they exist, would not be able 
to travel very deep into our atmosphere before being 
absorbed. Thus, it would not be surprising to  find 
that the abundances of antinuclei would change a t  
distances further away from Earth’s surface. There 
will be more discussion on this subject in the next 
sect ion. 
Our goal in this section is merely to  outline cal- 
culations of heavy ion cross sections involving anti- 
nuclei as projectiles. The only data that we have 
to  compare with our theoretical results come from 
P - I 2  C, P - At, p - Cu, and P - P b  (refs. 18 to 
20). Illustrated in figures 8 and 9 are our (Tab, pre- 
dictions along with the experimental P data. The 
reader can very quickly verify that agreement is well 
within 15 percent. Theoretical predictions for ener- 
gies higher than 400 MeV/nucleon can be found in 
table 1. Antideuteron and other antinucleus-nucleus 
cross sections (total and absorptive) can be found 
in tables 1 through 26. In each case we have em- 
ployed the N N  cross-sectional data and slope pa- 
rameter (see figs. 7 and 10). We have assumed no 
Pauli principle in the N N  interaction, and since we 
have not incorporated correlations (i.e., C = 0), our 
results are not exact. The reader is reminded, once 
again, that the only cross-section data that we are 
aware of is for P-nucleus scattering. 
Radiation Damage 
Why do we need to study nuclear physics with 
P ,  2, and other antinuclei? The answer is simple: 
because of the strong absorption, the antinuclei de- 
posit larger amounts of nuclear energy in a volume 
of matter than do their nuclei counterparts. This 
is clear from P-nucleus and P-nucleus studies; one 
need only look at the relative sizes of the cross sec- 
tions. From this, we speculate that antinuclei are po- 
tentially much more destructive to  living tissue than 
their normal ion partners. 
The production of antiprotons in the lab (e.g., 
CERN, Fermilab, and Brookhaven) has become quite 
commonplace. Beams made of antiprotons are easily 
constructed and utilized in scattering experiments. 
Numerous antiprotons have been detected in the 
cosmic-ray spectrum through experiments flown on 
atmospheric balloons. Reports on d and t production 
in the lab have been published (refs. 21 to  24), but 
no beams have yet been generated. There has only 
been one 2 event observed in the cosmic-ray spectrum 
(ref. 17) and we are not aware of anti-alpha particles 
being found in cosmic rays; a reason for this may be 
that there has not yet been a serious effort to  look 
for antinuclei of 2 > 1. However, manned space 
flights to various locations outside of Earth’s protec- 
tive atmosphere 2nd magnetosphere (and Mars’ at- 
mosphere, for that matter) generate the need to  know 
how to shield from cosmic antiprotons and other cos- 
mic antinuclei. We recognize that presently all abun- 
dance measurements and calculations for antinuclei 
are orders of magnitude smaller than their nuclei 
counterparts. For example, the cosmic P to P abun- 
dance ratio is on the order of while higher 2 
abundances may be far less. 
Cosmic antinuclei when compared with cosmic 
nuclei have the possibility of depositing substantially 
larger amounts of energy into living tissue by way 
of microlesions. The only calculation involving anti- 
nuclei which we are aware of employs an ion trans- 
port theory that calculates the linear energy trans- 
port (LET) of annihilation products from an antipro- 
ton annihilation event in living tissue (refs. 25 to  27). 
Figure 11 illustrates the LET spectrum of annihila- 
tion products for two nuclear temperatures. 
Conclusion 
We have presented a broad overview of strong in- 
teraction physics with nucleons and antinucleons. In 
particular, we have focused on the nucleon-nucleon, 
nucleon-antinucleon, nucleus-nucleus, and nucleus- 
antinucleus interactions and their interrelationships. 
We showed how to obtain a nucleon-antinucleon po- 
tential from the meson exchange description of the 
nucleon-nucleon potential and we showed how to ob- 
tain nucleus-antinucleus cross sections from a theo- 
retical heavy ion optical model. For the first time, 
theoretical absorptive and total cross sections for 
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antinucleus-nucleus scattering have been presented 
for antinuclei having charge 121 > 1 and mass num- 
ber A > 2. Biological effects, as in the formation 
of microlesions, were very briefly discussed and our 
concern about adequate shielding of astronauts from 
cosmic rays (particularly very energetic heavy nuclei 
or heavy antinuclei) during deep and lengthy space 
flights has been expressed. The existence of antinu- 
clei with A > 3 has not yet been established. We, 
therefore, strongly urge that a space-based experi- 
ment (not a balloon flight) to gather data on cosmic 
antinuclci be undertaken. 
NASA Langley Research Center 
Hampton, VA 23665-5225 
May 20, 1987 
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Symbols 
atomic mass number of projectile or 
target 
slope parameter, fm2 
impact parameter vector, fm 
correlation function 
charge conjugation; also speed of light 
symbol for antideuteron 
center-of-mass kinetic energy, MeV 
anamolous moment 
form factor 
meson-nucleon-nucleon coupling 
constant 
total angular momentum 
modified Bessel function 
orbital angular momentum 
nucleon mass, MeV 
symbol for a nucleon and an 
antinucleon 
symbol for a proton and an antiproton 
quadratic spin-orbit operator 
internucleon separation distance, fm 
nuclear spin 
tensor force operator 
lab energy of N, MeV 
4-momentum transfer squared, MeV2 
two-body transition amplitude 
nucleon-nucleon potential, MeV 
total potential, MeV 
central potentials defined in eq. (3a), 
MeV 
spin-spin potentials defined in eq. (3a), 
MeV 
tensor potentials defined in eq. (3a), 
MeV 
vP,WO 
LS2 
v7r 
VP 
Y 
z 
Z 
s 
rl 
A 
P 
t T  
71 
ai 
ff 
ff i n 
ffel 
fftot 
ffabs 
Ti 
spin-orbit potentials defined in 
eq. (3a), MeV 
quadratic spin-orbit potentials defined 
in eq. (3a), MeV 
pi-meson potential defined in eq. ( 2 ) ,  
MeV 
sigma-meson potential defined in 
eq. ( a ) ,  MeV 
rho-meson potential defined in eq. ( 2 ) ,  
MeV 
omega-meson potential defined in 
eq. (2),  MeV 
N N  absorptive potential defined in 
eq. (6), MeV 
relative position vector of two body 
system, fm 
number of protons in the nucleus 
projectile position vector in beam 
direction, fm 
ratio of elastic to  inelastic cross 
sections 
symbol for delta-meson 
symbol for eta-meson 
form factor mass, MeV 
exchanged particle mass, MeV 
collection of constituent relative 
coordinates for target nucleus, fm 
symbol for pion; also orbital parity; 
also universal constant 
projectile or target nuclear densities, 
fm-3 
Pauli spin matrix of i th  nucleon 
cross section, mb 
inelastic N N  cross section, mb 
elastic N N  cross section, mb 
total N N  cross section, mb 
absorptive cross section 
isospin matrix of i th  nucleon 
ORIGINAL PAGE 9s 
OF POOR QUAUIY 
! 
Table 1. Total Cross Sections (millibarns) for Antiproton Projectiles 
ENERGY ~ 
- -_____- ~ ~_-___ ----- HE IJ /AHU HE C 0 AL A R  I F E - ! . - , - A - . A k -  
9 -  
Table 2. Absorptive Cross Sections (millibarns) for Antiproton Projectiles 
Table 3. Total Cross Sections (millibarns) for Antideuteron Projectiles 
11 
ORIGINAL PAGE IS 
OF POOR QUALm 
Table 4. Absorptive Cross Sections (millibarns) for Antideuteron Projectiles 
12 
ORIGINAL PAGE IS 
OF POOR QUALITY 
Table 5. Total Cross Sections (millibarns) for Antihelium Projectiles 
13 
ORIGINAL PAGE IS 
OF POOR QUALIw 
Table 6. Absorptive Cross Sections (millibarns) for Antihelium Projectiles 
7300. 7m-- - 
---9?"!!O*-.. - 
10000. .- - - 
- 
12500. _~ ~ T 5 ~ ; - . -  
.. if5.00-. 
12.~~_o.o.. . ~ 
2 2 5 0-0-.- - - --- I_.. .. . .  
14 
I Table 7. Total Cross Sections (millibarns) for Antilithium Projectiles 
I 
IENERGY 
~ M E V f A M U  HE C AL A R  F E  cu B R  A G  014 P B  
15 
ORlGlNAL PAGE 1IS 
3F POOR QUALm 
Table 8. Absorptive Cross Sections (millibarns) for Antilithium Projectiles 
Table 9. Total Cross Sections (millibarns) for Antiberyllium Projectiles 
17 
Table 10. Absorptive Cross Sections (millibarns) for Antiberyllium Projectiles 
t Table 11. Total Cross Sections (millibarns) for Antiboron Projectiles 
19 
ORIGENAL PAGE 1s 
OF POOR QUALITY 
ORIGINAL PAGE IS 
OF POOR QUALITY 
Table 13. Total Cross Sections (millibarns) for Anticarbon Projectiles 
E N E R G Y  
ME V / AMU HE C 0 AL AR F E  C u _ . _ B R . -  A G  B A  P B  -- 
21 
Table 14. Absorptive Cross Sections (millibarns) for Anticarbon Projectiles 
9RGlNAL PAGE IS 
OF POOR QUALITY 
Table 15. Total Cross Sections (millibarns) for Antinitrogen Projectiles 
23 
I 24 
ORIGINAL PAGE 1s 
OF PO02 QUALITY 
Table 17. Total Cross Sections (millibarns) for Antioxygen Projectiles 
25 
ORIGINAL PAGE IS 
OF POOR QUALIl'Y 
Table 18. Absorptive Cross Sections (millibarns) for Antioxygen Projectiles 
E N E R G Y  
M E V / A H U  HE C L) AL A R  F E  cu --- 0R A G  B A - . L  
___-~ 
_. ~- 
--- 
I 26 
Table 19. Total Cross Sections (millibarns) for Antineon Projectiles 
F N F R G Y  
H E V l  AMU HE C U AL A R  F E  CU. BR A G  B A  .pB 
I 
27 
ORIGINAL PAGE 1s 
OF POOR QUALIn 
7000. 787. 1226. 1415. 1665. 1983. 2215. 2285. 2308. 2747. 3179. 3760. 
8 0 0 0 .  781. 1219. 1407. 1656. 1975.  2205. 2275. 2299. 2737. 3168. 3748. 
771. 1206. 1392. 1641. 1957.  2187. 2257. 2284. 2 719 3147. 3727. 10000. . 
12500. 759. 1191. 1375. 1623. 1937.  2166. 2237. 2266. 2698. 3122. 3702s 
1 7  5 00 ~ _ _ _ _ _ -  747. 1176. 1358. l b 0 5 .  191a. 2145. 2216. 2248. 2676. 3098. 3677s 
20000. __ 747. 1176. 1358. 1605. 1 9 1 6 %  2145. 2216. 2248. 2676. 3098. 3677. 
22500*-- I _74_7_r 1176. 135'3. 1603. 1916.  2145. zzu. 2248. 7676. 3098 3677 
9000 776. 1213. 1399. 1648. 1966.  2196. 2266. 2291 272U. 3157. 3737. 
--- 1500 -e _-__1- - - -_-_- 1358. lb35. 1916. 2145. 2216. 2248. 2676. 30 9 8. 36 7 7. 
28 I ~ 
Table 2 
- 
ENERGY . __ 
ORIGINAL PAGE f5 
OF POOR QUALITY 
Total Cross Sections (millibarns) for Antialuminum Projectiles 
29 I 
Table 22. Absorptive Cross Sections (millibarns) for Antialuminum Projectiles 
30 
I 
Table 23. Total Cross Sections (millibarns) for Antiargon Projectiles 
31 
Table 24. Absorptive Cross Sections (millibarns) for Antiargon Projectiles 
E N E R G Y  
f l E V / A H U  HE C 0 AL A K  F t  c u . - B R  A G  B A  .ee 
32 
Table 25. Total Cross Sections (millibarns) for Anti-Iron Projectiles 
ENERGY 
- 
-. HE V / AHU HE C 0 AL A R  F E  cu .- BR A- 
. -  2323 .  
- 2 3 2 0 .  
2 2 8 8 .  
. 2269t 
2 2 5 2 .  
- 2237 .  
I _  2 2 2 3 .  
2 2 0 9 .  
2 1 7 7 .  
- 2 1 4 4 .  
. -. 2 1 4 K  
2 1 4 4 .  
2 144.  
. -. __ 
. , --- I. 
-5229*. - 
575%. 
5732.- 
- 37 19 *. 
56903 
5 6 4 0 .  
5.592. 
33 
Table 26. Absorptive Cross Sections (millibarns) for Anti-Iron Projectiles 
I 
1 - 
I N1 
I 
N1 
nt 
(a) One-pion exchange potential (OPEP). 
I 
N! = ’ i ! - N1 ”- \ 1% N; 
Y 
(b) Two-pion exchange potentials (TPEP).  
(c) Some three-pion exchange potentials. 
Figure 1. Meson exchange potentials. 
35 
n 
\ 
% 
-I- - - 
/ 
I \ 
0 
I 
I 
I 
tn 
I 
I 
I 
I 
N1 
NZ 
Figure 2. Two-pion vertex contribution. 
/- \ 
\ 
- \ N; 
/ 
/ N2 
(a) Two pions. 
(b) Three pions. 
Figure 3. Correlated pion exchange potentials. 
36 
V(r) 
(MeV) 
100 
80 
60 
40 
20 
0 
-20 
-40 
-60 
Figure 4. Total N N  potential in the deuteron’s channel. 
37 
V(r) 
(MeV) 
80 
60 
40 
20 
0 
-20 
-40 
-60 
-80 
-100 
/ 
/ 
/ VNFJ 
/ 
I 
I 
I 
I 
Figure 5. Total N N  potential (solid curve, from fig. 4) and G-parity transformation of N N  potential (dashed 
curve) to  obtain N N  potential. 
IO 
I 
Tota I 
0.1 1. 0 IO 100 
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